Mild hydrochloric acid hydrolysis of ι-carrageenan from Eucheuma spinosum yielded two oligosaccharides of sulfated tetrasaccharide structure.
Introduction
Oligosaccharides which are sugars of shorter chains derived from larger polysaccharides or being synthesized are now of scientific interest for therapeutics and medical applications [1] [2] [3] [4] [5] [6] [7] [8] . It can be obtained by direct extraction from natural sources, or chemical processes such as hydrolyzation of polysaccharides or chemical synthesis from disaccharides [9] . In this paper, oligosaccharides were derived by mild hydrolysis from ι-carrageenan. Previous studies showed that by using mild hydrolysis, oligosaccharides can be derived from κ-carrageenan [10, 11] .
There were no studies reported yet on deriving oligosaccharides from ι-carrageenan using mild acid hydrolysis.
The published method was by enzymatic hydrolysis [12] and also used in κ-carrageenan and λ-carrageenan [13, 14] . Hence, the aim of this study is to prepare oligosaccharides from ι-carrageenan by mild acid hydrolysis and evaluate its potential use for protein delivery system. Numerous studies were also made on the use of carrageenan for controlled release of drugs [15] [16] [17] [18] [19] [20] [21] . Carrageenan has also been cross-linked with polyacrylic acidco-poly-2-acrylamido-2-methylpropanesulfonic acid (PAA-co-PAMPS) to form a biodegradable hydrogel as a candidate for a drug delivery system [22] and interacted with chitosan to form a polyelectrolyte complex to encapsulate GOD [23] . There has been no study done on the use of oligosaccharides derived from ι-carrageenan for protein delivery system thus in this study, its application for protein delivery system was preliminary investigated. Hydrolysis was carried out by dissolving 10 g of ι-Carrageenan with 500 mL of 0.1 M hydrochloric acid and heated at 60˚C for 3 hours. The degradation was terminated by neutralization with 0.1 M NaOH, then filtered followed by desalting and freeze drying. Separation and purification of ι-carrageenan oligosaccharides were done following the method of Guangli Yu et al. [11] .
Experimental

Characterization of Oligosaccharides
The analysis of physicochemical properties of the oligosacchrides were based on the procedures found in USP XXII [24] . Fourier Transform Infrared Spectra (FT-IR) for oligosaccharides were measured using RX-1 Perkin Elmer FTIR spectrometer prepared as thin film on a potassium bromide pellet. The oligosaccharides were also analyzed by 13 C Nuclear Magnetic Resonance (NMR) spectroscopy (JEOL Lambda LA 400 NMR spectrometer) and Electrospray Ionization Mass Spectrometry (ESIMS) 3000 plus Esquire mass selective detector (Bruker Daltonics) using a 1:1 mixture of water and acetonitrile.
Application of Oligosaccharides in Protein Delivery System
The oligosaccharide solution and protein complex was prepared following the procedure of A.V. Briones and T. Sato [25] with some modification. Chitosan (45 KDa) solution was prepared at 1 mg/mL in Phosphate Buffer Solution (PBS) at pH 6.5. Carrageenan (1 mg/mL), Trisodium Citrate (1 mg/mL) and BSA (4 mg/mL) solutions were prepared in MilliQ water. BSA solution was added to chitosan solution, mixed thoroughly followed by addition of trisodium citrate solution and allowed to stabilize at room temperature for 15 minutes. Carrageenan solution was then slowly added to the mixture, mixed again followed by another 15 minutes stabilization at room temperature. Final concentration of BSA in the complex was 1 mg/mL. Thereafter the final mixture was incubated for 24 hours at 4˚C with shaking at 200 rpm [25] . After incubation of the complex, the solution was centrifuged at 10,000 rpm for 20 minutes at 4˚C. The resulting supernatant was then assayed for its protein content following the manufacture's instruction (Bio-Rad Laboratories, Japan). All experiments were performed in triplicate. To determine the efficacy of the complex of ι-carrageenan oligosaccharide and chitosan to entrap the protein (BSA) the encapsulation efficiency (E.E.) was measured according to the equation (at the end of the page).
Where the initial concentration of protein is the amount of BSA used (1 mg/mL); and the protein reading from assay is the amount of BSA recovered from the complex after assay.
Results and Discussion
Characterization of Oligosaccharides
The structure of ι-carrageenan is composed of (1→3)-β-
n as shown in Figure 1 [26] while oligosaccharides are composed of longer chains of monosaccharide (between two and nine) units bound together by glycosidic bonds. In this study, two oligosaccharides (F1 & F2) were separated and purified. Prior to characterization of the derived oligosaccharides, the samples were subjected to thin layer chromatography analysis. Single spot was observed (data not shown) for both fractions illustrating a pure compound. IR analysis showed that the oligosaccharides contain the basic sugar unit 3,6-anydrogalactose and sulphated galactose as shown in Table 1 . The presence of ester sulfates was also confirmed.
The ESIMS spectra gave molecular ions for the sodium salt forms of both sulphated oligosaccharides. ESI-MS analysis of compound F1 shown in Figure 2 and Table 2 displayed a molecular ion (M+ Na+) at m/z 940.4 corresponding to a mass of 917.4 while compound Figure 2) suggesting that both oligosaccharides are of tetrasaccharide containing two galactopyranose (Galp) residues and two 3,6 anhydrogalactopyranose (AnGalp) with four O-sulfo groups. Fragmentation analysis of carrageenan oligosaccharides is illustrated in Figure 3 . The fragmentation was consistent with each of the three galactose residues carrying one O-sulfo group.
In 13 C NMR analysis of the oligosaccharides, the region of 105 to 90 ppm (Figure 4) , is the most informative since it is where the anomeric carbon signals are observed [12] . Unhydrolyzed iota carrageenan displays signals at around 103 ppm for the β-Galp4S and at around 93 ppm for the AnGalp2S [12] . Both oligosaccharides exhibited peaks at the 105 ppm for β-Galp4S and 94.65 ppm for AnGalp2S ( Table 3) . This signal at around 94.65 ppm may be attributed to the anomeric car- bon of the galactopyranosyl-4-sulfate residue at the reducing end of the chain which may have either α or β conformations as observed [27] . No peaks are present at 66.4 ppm corresponding to C-4 of unsulfated Galp residues; thus, the 13 C spectra (Figure 4) confirm that all Galp residues contained a 4-O-sulfo group [11] . The 13 C NMR spectra of the degraded products clearly showed that besides the known splitting of 3,6-anhydrogalactosidic linkages, the linkage between alpha-D-galactose 2,6-disulphate and beta-D-galactose 4-sulphate is also cleaved. One-dimensional 1H NMR confirmed the high level of purity of both oligosaccharides (Figures 5 & 6) . NMR and MS analysis definitively establish the structures of the oligosaccharides F1 & F2 to be sulfated tetrasaccharide of the structure:
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β-D-galactopyranose (Galp) 4S-(1→4)-α-D-AnGalp2S-(1→3)-β-D-galactopyranose (Galp)4S-(1→4)-)-α-D-AnGalp2S-(1→3).
Application of Oligosaccharides in Protein Delivery System
The oligosaccharides were evaluated for their ability to form a complex with chitosan to encapsulate Bovine Serum Albumin (BSA) as the protein model. Chitosan is known to form stable complexes with carrageenans [28] .
The maximum yield of complex formation was observed for the molar mixing ratio of 1:1, which suggests a stoichiometric anion-cation interaction [28] . The complexation of chitosan and carrageenan was due to the opposite charges between the positively charged amine groups (NH 3 ) in chitosan and the negatively charged sulfate groups (SO 4 ) in carrageenan. In this study, different charge ratios (+/−) of 0.5, 1, 3, 5, 7 were prepared to determine the encapsulation efficiency of the polyelectrolyte complex of ι-carrageenan oligosaccharide/chitosan.
In previous study [25] , chitosan and carrageenan complex were formed by electrostatic interaction without using a cross-linker. Here, a crosslinker which is trisodium citrate was used in the preparation of the complex. As shown in Figure 7 , the complex of chitosan/ι-carrageenan oligosaccharide had the highest encapsulation efficiency of 67.07% at a charge ratio of 5 while chitosan with the cross-linker had the highest encapsulation effi- ciency of 67.14% at a charge ratio of 1. In previous study, the encapsulation efficiency of chitosan without the cross linker is only 10% while the un-hydrolyzed iota-carrageenan is 24% [25] . With the use of a cross linker, the encapsulation efficiency increases. However, the complex of chitosan with un-hydrolyzed iota-carrageenan has an encapsulation efficiency of 73.0% at charge ratio of 3 [25] . The encapsulation efficiency of BSA using the complex of chitosan and carrageenan (hydrolyzed and unhydrolyzed) is dependent on the charge ratios and its molecular weight. The polyion complex (chitosan/carrageenan) is more efficient than using just one polymer without the use of a crosslinking agent. The electrostatic interaction of the sulphate group of carrageenan and the amine group of chitosan makes a better entrapment of BSA than chitosan alone. Charge ratios (+/−) of 3 & 5 were the most efficient as compared to 1 & 7 ratios using unhydrolyzed carrageenan [25] while the ι-carrageenan oligosaccharide tends to favor 5 & 7 charge ratios (Figure 7) . The entrapment of BSA with the complex is due to ionic interaction. The isoelectric point of BSA is 4.8 [12] and the pH used in this study for complex formation was pH 6.0 which is above the isoelectric point of BSA. At this condition, the BSA would be predominantly negatively charged thus would ionically interact with chitosan competing with the more anionic carrageenan.
Summary and Conclusion
The study was able to isolate and characterize two oligosaccharides from iota carrageenan using mild acid hydrolysis. The oligosaccharides were of be sulfated tetra- 
